Background-Progressive activation delay starting at long coupling intervals of premature stimuli has been shown to correlate with sudden cardiac death in patients with hypertrophic cardiomyopathy. The purpose of this study was to elucidate the mechanism of increased activation delay in chronically diseased myocardium. Methods and Results-High-resolution unipolar mapping (105, 208, or 247 recording sites with interelectrode distances of 0.8, 0.5, or 0.3 mm, respectively) of epicardial electrical activity was carried out during premature stimulation in 11 explanted human hearts. The hearts came from patients who underwent heart transplantation and were in the end stage of heart failure (coronary artery disease, 4; hypertrophic cardiomyopathy, 1; and dilated cardiomyopathy, 6). Eight hearts were Langendorff-perfused. Epicardial sheets were taken from the remaining hearts and studied in a tissue bath. Activation maps and conduction curves were constructed and correlated with histology. Conduction curves revealing prominent increase of activation delay were associated with zones of dense, patchy fibrosis with long fibrotic strands. Dense, diffuse fibrosis with short fibrotic strands only marginally affected conduction curves. The course of conduction curves in patchy fibrotic areas greatly depended on the direction of propagation relative to fiber direction. Conclusions-The study demonstrates that in chronically diseased human myocardium, nonuniform anisotropic characteristics imposed by long fibrotic strands cause a progressive increase of activation delay, starting at long coupling intervals of premature stimuli. The increase strongly depends on the direction of the wave front with respect to fiber direction and the architecture of fibrosis. (Circulation. 2001;104:3069-3075.) 
V entricular fibrillation is the main cause of sudden cardiac arrhythmic death and is often associated with structural heart disease. 1 Several risk stratification techniques have been developed to select patients prone to ventricular fibrillation. 2, 3 Saumarez and coworkers 4 proposed that the electrophysiological substrate for ventricular arrhythmias can be identified in a particular patient by a pacing protocol using premature stimulation with a decremental sequence until the refractory period is reached. Their study showed that in patients with ventricular fibrillation and hypertrophic cardiomyopathy, the onset of activation delay started at long coupling intervals of the premature stimulus (early onset of activation delay) and that delay progressively increased on further shortening of these intervals. In controls and low-risk patients, activation delay characteristically remained constant and did not significantly increase until coupling intervals came close to the refractory period. 4 The mechanism of early onset of activation delay after premature stimulation has not yet been determined in chronically diseased myocardium. During acute ischemia, early onset of activation delay seemed to be associated with delayed recovery of excitability and a reduced resting transmembrane potential. 5, 6 Because ischemia is usually absent in chronically diseased myocardium, other factors must be responsible. It has been shown that discontinuities in myocardial bundles and wave front curvature around anatomical obstacles may result in activation delay. [7] [8] [9] [10] We hypothesized that such abnormalities imposed by the altered myocardial architecture of chronically diseased myocardium may also lead to early onset of activation delay.
The objective of the present study was to clarify the mechanism of early onset of activation delay in chronically diseased myocardium. For this purpose, we correlated conduction properties during premature stimulation with the histology of infarcted and cardiomyopathic hearts derived from patients undergoing heart transplantation in the end stage of heart failure.
Methods
Measurements were performed on 11 explanted human hearts (7 from women and 4 from men aged 39 to 63 years). Hearts came from patients who underwent heart transplantation during the end stage of heart failure. Four patients had coronary artery disease (with myocardial infarction), one suffered from hypertrophic cardiomyopathy, and 6 had dilated cardiomyopathy. Two patients were on amiodarone until surgery, and 2 others were on digoxin. Excised hearts were immersed in cold (4°C) Tyrode's solution. The aorta (nϭ3) or coronary arteries (nϭ5) of 8 hearts were cannulated and connected to a Langendorff-perfusion set up. Hearts were perfused (flow, 300 to 400 mL/min) with a mixture of human blood (50%) and Tyrode's solution. Epicardial ventricular sheets (5 by 5 cm, 1 mm thick) were taken from the remaining 3 hearts. These preparations were superfused in a tissue bath (epicardial surface up) with Tyrode's solution at 37Ϯ0.5°C. Superfusion diminishes the influence of the third dimension on propagation because only a thin layer (0.3 to 0. 5 mm) survives.
Recording Electrical Activity
High-resolution mapping of the electrical activity of ventricular epicardium was performed in both Langendorff-perfused hearts and superfused preparations. Recordings were made in unipolar mode. A single electrode attached to the aortic root (Langendorff-perfused hearts) or submerged in the tissue bath served as the reference electrode. Multiterminal plaque electrodes harbored 105, 208, or 247 terminals consisting of 70-m diameter silver wires that were isolated except at the tip. Terminals were arranged in a 9ϫ12, 16ϫ13, or 19ϫ13 matrix at interelectrode distances of 0.8, 0.5, and 0.3 mm, respectively. Plaque electrodes were positioned over nonfatty epicardial areas.
Programmed Stimulation and Data Acquisition
Electrical stimulation was applied with bipolar hook electrodes positioned adjacent to any one of the 4 sides of the multielectrode. Pacing was at twice diastolic current threshold with an 8-pulse drive train (cycle length, 600 ms) and 1 premature stimulus. Coupling intervals of premature stimuli were from 500 ms down to the refractory periods in steps of 10 ms. Electrograms were bandpassfiltered (0.5 Hz to 0.5 kHz), amplified 40 times, and digitized (16 bit resolution) at a sample rate of 1 kHz per channel.
Analysis of Electrograms
Electrograms were analyzed off-line with customized software. The point of steepest negative dV/dt in the electrogram was used as the local activation time. Activation maps were constructed from the local activation times, and conduction curves were obtained by plotting activation delay (interval between stimulus and activation time) against the coupling interval of the premature stimulus. To characterize conduction curves, we used the mean increase of delay (MID). This parameter was calculated by dividing the integrated increase of delay (gray area in Figure 1 ) by the interval between the basic cycle length (BCL) and the refractory period. For each position of the plaque electrode, MID was determined at all electrode terminals, allowing the construction of MID maps. The mean of the 105, 208, or 247 MID values (MID) was used as a measure of MID for the recording area.
Histology
Tissue at 16 of the 26 positions of the multielectrode in 8 hearts was subjected to histological investigation. Small pins were used to mark the corners of the recording electrode. Tissue at recording sites was excised and fixed in formalin. Sections with a thickness of 7 m were made parallel to the epicardium, stained with picrosirius red, and examined by light microscopy for fibrosis. The amount of fibrosis in the recording area was determined using the KS 400 software package (Kontron) after digitizing sections with a slide scanner (Sprintscan 35, Polaroid).
Statistical Analysis
All values are expressed as meanϮSD. Student's t test or the Mann-Whitney Rank Sum test was used to detect significant differences (PϽ0.05).
Results

Isolated Hearts
Mapping of electrical activity was performed at 26 epicardial sites in the 8 Langendorff-perfused hearts (1 to 7 recording sites for each heart). For each position of the plaque electrode, 1 to 4 pacing sites were used (60 in total). Recording areas Conduction curve illustrating definition of the mean increase of activation delay. Activation time at the recording site is determined during BCL (600 ms) and premature stimulation at coupling intervals of 500 ms, down in steps of 10 ms to the refractory period. The area under the conduction curve, referenced to the delay at BCL (integrated increase delay), divided by the interval between BCL and the refractory period yields the MID.
were activated within 27.5Ϯ12.7 ms during stimulation at BCL. This value increased to 58.5Ϯ32.2 ms for activation induced by premature stimuli having a coupling interval 10 ms longer than the refractory period. The mean effective refractory period at the stimulation sites was 346Ϯ40 ms. Multiple dots along the vertical lines point to MID values determined at the same recording position of the plaque electrode during pacing at different sites. Open and solid circles are MID values obtained during propagation of wave fronts parallel and perpendicular to the fiber direction (angle between wave front and fiber direction at 0 to 30 or 60 to 90 degrees, respectively).
MID and Fiber Direction
MID was significantly greater (Pϭ0.001, Mann-Whitney test) if pacing resulted in propagation of the electrical impulse perpendicular to the fiber direction (13.1Ϯ8.6 ms) instead of propagation parallel to the fibers (4.8Ϯ2.8 ms). When MID was Ͻ3.5 ms, there was no statistically significant difference for propagation parallel versus perpendicular to the fiber direction (Pϭ0.15; paired t test for 6 positions of the multielectrode in 3 hearts). Figure 3 is an example illustrating the effect of fiber direction on MID in a heart from a patient with coronary artery disease. Histological analysis of the section in Figure  3A that MID values within the recording area are much smaller for propagation parallel to the fiber direction compared with values during propagation perpendicular to it. The extracellular electrograms recorded in the center ( Figure 3B ) illustrate the progressive increase in conduction delay during premature stimulation at site A.
Activation maps ( Figure 3C ) during baseline stimulation at site A (upper left map) revealed widely separated isochronal lines, compatible with continuous conduction.
After premature stimulation, however, conduction became irregular with functional lines of conduction block at decreasing coupling intervals. Delay of activation within the recording area increased from 11 to 68 ms. Activation patterns resulting from stimulation at site B (lower maps) showed no irregularities after premature stimuli, and only a marginal increase of conduction delay was observed (from 7 to 17 ms).
MID and Fibrosis
The mean density of fibrosis in the recording areas ranged from 7% to 43% (mean, 18Ϯ10%). Three types of fibrosis with regard to architecture were distinguished. These included patchy (patchy fibrosis with long, compact groups of strands; section in Figure 3A ), diffuse (more or less diffusely distributed fibrosis with short strands; section in Figure 4 ), and stringy (homogenously distributed fibrosis with long, single strands; section in Figure 6A ). Sometimes local, compact areas of fibrosis were present with stringy fibrosis.
Although the density of fibrosis did not correlate with MID, the architecture of fibrosis played a major role. This is illustrated by comparing Figures 3 and 4 . The upper panel of Figure 4 shows a recording area with diffuse fibrosis and a mean density of 33%, which is similar to the section in Figure  3A (mean density, 22%). In contrast to Figure 3A , the MID maps in Figure 4 reveal low values throughout the area for both conduction parallel (upper panel) and perpendicular (lower panel) to the fiber direction. Figure 5 is a scatter plot of MID (propagation perpendicular to fiber direction) and density of fibrosis that illustrates that high values of MID are usually associated with patchy or stringy fibrosis. In areas with diffuse fibrosis, low values of MID are found, even at high densities of fibrosis.
MIDs for patchy and diffuse fibrosis differed significantly (18.4 ms and 5.6 ms for propagation perpendicular to fiber direction, respectively), although the mean density of fibrosis was similar (Table) . Conduction velocity during BCL hardly differed for patchy and diffuse fibrosis. Only after premature stimulation is the reduction in conduction velocity perpendicular to fiber direction much greater in patchy than in diffuse fibrosis.
Inexcitable Barriers in Superfused Human Preparations
In 2 superfused preparations with stringy fibrosis, a localized, distinct band of dense fibrosis was present. The effect of this fibrotic band on conduction curves is illustrated in Figure 6 . Activation maps during baseline and premature stimulation are shown in Figures 6C and 6D . Figure 6A shows the histology of the recording area (rectangle). Conduction curves, together with the MIDs at sites a through c in the section, are illustrated in Figure 6B . Although the fibrotic barrier (bold arrow) only marginally affected the activation pattern during BCL (Figure 6C ), the situation was quite different after premature stimulation ( Figure 6D ). The lower 
Discussion
Results show that in chronically diseased human myocardium, a progressive increase of conduction delay during premature stimulation arises in areas with patchy fibrosis having long, compact groups of strands. Delay strongly depends on the direction of wave front propagation with respect to fiber direction; the effect during propagation perpendicular to the fiber direction is large compared with that found during parallel propagation. Diffusely distributed fibrosis with short strands only marginally affected conduction delay, even at high densities of fibrosis.
Discontinuities
Surviving myocardium in infarcted and cardiomyopathic hearts often exhibits near-normal intracellular electrophysiological characteristics, although extracellular electrograms are often fractionated. [11] [12] [13] [14] Conduction in these hearts is often affected by fibrosis, which forms isolating barriers and discontinuities.
The effect of several types of tissue discontinuities on propagation have been investigated, including (1) inexcitable barriers with a narrow isthmus, 8 (2) inexcitable barriers causing wave fronts to curve, 15 and (3) load mismatch. 7 Data from these studies show that conduction delay at discontinuities is a common denominator. In addition, delay increases with a decrease in the cycle length of activation. 7, 8 Similar discontinuities are present in the hearts we studied, and due to the cycle length dependence, they may give rise to a progressive increase of conduction delay and MID.
Architecture of Fibrosis
Results revealed that the architecture of fibrosis played a major role in determining the progressive increase of conduction delay at incremental shortening of the coupling interval of the premature stimulus. The effect of long fibrotic strands on conduction and MID was much greater than that with diffuse fibrosis with short strands. This is compatible with observations made by Pertsov 16 in a model mimicking myocardial texture. This model showed that a decrease in the number of lateral connections increased anisotropy and amplified the effects of discontinuous conduction. However, there was no direct relation between discontinuous propagation and anisotropy. Discontinuous propagation vanished when the texture size (equivalent to the length of the fibrotic strands) was scaled down sufficiently, whereas anisotropy in conduction velocities was not affected by scaling the texture size. In the hearts we studied, fibrotic strands in areas with Values are meanϮSD. CVЌBCL and CVFBCL indicate conduction velocity perpendicular (Ќ) and parallel (F) to fiber direction during basic cycle length; CVЌExtra and CVFExtra, conduction velocity perpendicular and parallel to fiber direction after a premature stimulus 10 ms longer than the refractory period.
Conduction Velocity During BCL and After Premature Stimulation for Different Types of Fibrosis
Significant for pairwise comparison of *diffuse vs patchy or †diffuse vs stringy. diffuse fibrosis were apparently too short to cause discontinuous conduction. In addition, the effect of uniform anisotropy on MID was low.
Fibrosis and Abnormal Conduction
Fibrotic tissue has been shown to decrease the safety factor for impulse propagation, leading to conduction block and the development of reentry. 17 Other investigators have shown that sites of increased fibrosis or scar tissue are often involved in the generation of unidirectional conduction block, leading to wave break and reentry. 18 Conduction abnormalities related to fibrotic tissue infiltration have been observed in ventricular tissue with infarction and cardiomyopathy, as well as in atrial myocardium of animal models of atrial fibrillation. Li et al 19 showed that extensive interstitial fibrosis promoted atrial fibrillation in a dog model of heart failure. These data are compatible with our observation that interstitial fibrosis leads to discontinuous propagation and the spatial dispersion of conduction, creating a potential substrate for reentry. Figure 6 indicates that an inexcitable barrier may lead to an increase of activation delay due to the following factors: (1) increase of the path length (although activation toward recording site a in Figure 6 reaches this site via a route running inferiorly as well as superiorly of the fibrotic barrier during BCL, the route lies superiorly of the barrier and is longer after premature stimulation); (2) change from longitudinal to transverse conduction (during stimulation at BCL, activation runs mainly parallel to the fiber direction; however, after premature stimulation, the activation front runs perpendicular to the fiber direction after passing the barrier to reach site a, which increases delay); (3) wave front curvature (at the distal end of the barrier, the wave front curves, resulting in an increase of activation delay 8 ); and/or (4) reduced conduction velocity (conduction velocity decreases in the area superiorly of the barrier from 0.5 m/s during baseline to 0.32 m/s after a premature stimulus of 390 ms).
Activation Delay Caused by Inexcitable Barriers
Reduced Sodium Current
Pu and Boyden 20 observed reduced excitability in the epicardial border zone of the infarcted canine heart. Their study showed that in the infarcted myocardium, Na ϩ channel expression was suppressed. Measurements were carried out in myocytes derived from the epicardial border zone of canine hearts after 5 days of infarction. Although these hearts were studied at a relatively early stage after the onset of infarction, we cannot completely exclude the possibility that Na ϩ current abnormalities may have played a role in our hearts.
Clinical Relevance
Clinical and experimental studies suggest an association between conduction abnormalities or fibrosis and ventricular arrhythmias or sudden death. 4, 15, 21 Although nonuniform anisotropy in patients with ventricular tachycardia has been shown to be associated with reentry in healed myocardial infarction, it is not known what degree of nonuniformity is required to alter vulnerability to arrhythmias. Our data show that the architecture of fibrosis is more important than its density for generating conduction disturbances. In addition, the course of conduction curves strongly depends on the direction of the wave front, which implies that conduction curves should be critically evaluated when used for risk stratification.
Limitations of the Study
We concentrated on histological characteristics. However, it has been shown that changes in connexin distribution and expression occur in infarcted and hypertrophic myocardium, giving rise to cellular uncoupling. 22 Although computer simulations suggest that a profound reduction in cell-cell coupling is required to affect conduction, the role of changes in connexins with respect to early onset of activation delay in diseased hearts cannot be entirely ruled out. 23 We determined activation delay from the stimulus, which might have led to a slight overestimation of the MID values.
Recordings in the Langendorff-perfused hearts were not always made at the same site in each heart. Recording positions were chosen in areas without excessive fatty tissue to allow for epicardial recordings. Although recording sites were evenly distributed over the hearts, we cannot rule out the possibility that this selection affected our results.
